Introduction Atlantoaxial instability (AAI) is an uncommon disease in children. Surgical treatment of pediatric patients with AAI poses a challenge to spine surgeons because of the patients' immature bone quality, extensive anatomical variability, and smaller osseous structures. In this study, the authors report complications and outcomes after posterior fusion in children with AAI.
Introduction
Atlantoaxial instability (AAI) is an uncommon disease in children. Surgical treatment of pediatric patients with AAI poses a challenge to spine surgeons because of children's immature bone quality, the extensive anatomical variability, and the smaller osseous structures. Also, the incidence of complications increases and surgery is more difficult in children with Down syndrome. Moreover, a high incidence of non-union after posterior fusion with the wiring technique has been reported [1, 2] . Magerl et al. [3] first proposed the use of C1-C2 transarticular screws in adults, and an alternative technique, namely C1 lateral mass screws and C2 pedicle screws [4, 5] or C2 translaminar screws [6] has been reported. More recently, these techniques are being used in pediatric patients [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ; however, there are no detailed reports on the risks with these techniques when used in children. Furthermore, the medical community does not fully understand the long-term effects of posterior cervical spine fusion in the skeletally immature spine, and there are only a few published articles on these effects [18, 19] . In this study, we investigated the complications and outcomes after posterior fusion in children with AAI. In addition, in three patients at five or more years following occipito-cervical fusion, intervertebral disc heights and vertebral heights between the fused and non-fused levels were compared at the final follow-up.
Methods
The research protocol for this study was approved by our Institutional Review Board. Of 19,364 patients registered for spinal surgery in a multicenter cooperative study group on spinal diseases, the Nagoya Spine Group (NSG), between January 1995 and December 2007, 11 pediatric patients, five boys and six girls, with AAI underwent posterior fusion. Pre-operative imaging included a combination of lateral cervical radiography, CT scanning, and MRI imaging. All patients had documented instability on pre-operative flexion-extension radiographs. CT scanning consisted of thincut axial images of the cervical spine with coronal and sagittal reconstructions to evaluate anatomic suitability for the planned screws. Surgeons placed all screws under the guidance of an image intensifier or CT navigation system. All patients underwent internal fixation, and the constructs included C1 lateral mass screw, pedicle screw, sublaminar wiring with rod or transarticular screws. Autogenous iliac crest bone grafts were used in all patients. For postoperative immobilization, we applied a hard cervical collar after C1-C2 fusion (average 2.4 months), and a halo vest after occipito-cervical (O-C) fusion (average 2 months). We investigated the surgical procedures, union rate, and complications. The clinical features of the patients in this study are summarized in Table 1 . To determine if vertical growth within the construct continued after posterior fusion, we also measured and compared intervertebral disc heights and vertebral heights between the fused and non-fused levels on the final follow-up in three patients who had been followed for five or more years after their O-C fusions. We calculated the percentage of vertical growth of the cervical spine that occurred within the fused and non-fused levels as follows: height of construct (final follow-up -postoperative)/height of construct (postoperative) 9 100.
Results
Eleven pediatric patients with AAI underwent posterior fusion during the study period. The average age at surgery was 8.5 years (4-13 years), and the mean follow-up period was 57.1 months (12-109 months). The indications for surgery were chronic AARF in four patients, os odontoideum in two patients, AAS associated with Down syndrome in two patients, AAS in one patient, os odontoideum and congenital kyphosis in one patient, and Klippel-Feil syndrome and basilar impression in one patient. Five patients were myelopathic before surgery with upper motor neuron abnormalities and gait disturbance. CT angiography revealed a high-riding vertebral artery in two patients.
Surgical procedure
The initial surgical procedure was C1-C2 fusion in six patients and O-C fusion in five patients. For the C1-C2 fusions, surgeons performed the C1 lateral mass screw ? C2 pedicle screw method (Goel-Harms constructs) in four patients, and the C1-C2 transarticular screw method (Magerl technique) in two patients. For the five patients who required O-C fusion, we used a rod and wiring technique in three of them for O-C3 fusions, a rod and sublaminar wiring technique in one patient for an O-C4 fusion, and a rod and sublaminar wiring/pedicle screw method in one patient for an O-C7 fusion. In one case (case 6), we converted C1-C2 fusion to O-C2 fusion finally, because of loss of reduction and neurological deterioration. Monocortical structural autografts and morselized cancellous autografts were harvested from the posterior iliac crest in all patients. The structural autograft was wired between the two rods or around the C2 spina to span the decorticated surfaces of the occiput to the cervical spine or C1-C2. The morselized cancellous autograft was packed around the remaining laminar surface and decorticated facet joints.
Radiographic fusion
Nine patients achieved solid osseous fusion demonstrated on plain radiographs or CT scanning. Non-union occurred in two patients (cases 4 and 6). Non-union with loss of reduction and neurologic deterioration necessitated reoperation in these patients. We performed an O-C2 fusion because of non-union and neurologic deterioration after the previous C1-C2 fusion for AAS associated with Down syndrome (Case 6). We performed transoral odontoidectomy and O-C2 fusion because of non-union and neurologic deterioration after O-C3 fusion in the patient with Klippel-Feil syndrome and basilar impression (case 4). After reoperation, these patients proceeded to solid fusions and neurologic improvement.
Complications
Complications related to the operation occurred in seven patients (64%) ( Table 1) . They included neurologic deterioration (three patients), non-union in two patients, fusion extension to adjacent vertebrae in three patients, pedicle fracture with pedicle screw insertion in one patient, C1 posterior arch fracture with lateral mass screw insertion in one patient, and perforation of the skull with a head pin placement in one patient. Cervical spine X-ray and CT demonstrated fusion extension from C1-2 to C3 (case 2), from O-C7 to Th1 (case 7), and from O-C3 to C4 (case 11).
There were no wound infections and no instances of iatrogenic vertebral artery injury. No cases of acute neurologic deterioration occurred intra-operatively or in the immediate postoperative period. Furthermore, during the follow-up period, no patients developed abnormal motion adjacent to the fused segments.
The rates of increase in vertebral body height and cervical spine alignment
In three patients whom we followed five or more years after their O-C3 fusions, the rates of increase in vertebral body heights were 20% for C2, 64% for C3, 73% for C4, 48% for C5, 45% for C6, and 35% for C7. Each vertebra grew taller during the follow-up period whether fused or not. The mean fixed and non-fixed intervertebral disc heights on the final follow-up were 2.6 and 5.3 mm, respectively, showing that the disc height of a fixed vertebral level was less than a non-fused level (Fig. 1) . In this group, the cervical alignment was lordosis in one, straight in one, and kyphosis in one at the time of the final observation. Ope operation, yrs years, FU follow-up, mos months, AARF atlantoaxial rotatory fixation, AAS atlantoaxial subluxation, lat mass lateral mass screw, PS pedicle screw
Illustrative cases
Case 6
This 7-year-old girl presented with a gait disturbance due to AAS associated with Down syndrome. The CT sagittal image indicated AAS, and the MRI sagittal image indicated high intensity change of the spinal cord and stenosis at the C1 level. At her first operation, we performed C1-2 fusion using a C1 lateral mass screw and C2 pedicle screw. C1 posterior arch fracture occurred when the C1 lateral mass screw was inserted. Four months after the first operation, she developed recurrent stenosis between the occipital bone and the dens and became non-ambulatory again. We performed an O-C2 fusion for salvage, and a halo vest was applied after reoperation for 3 months. Bone union occurred, and she was able to walk (Fig. 2) .
Case 11
This 6-year-old boy presented with torticollis and neck pain, which occurred after an upper respiratory infection. At our hospital, we diagnosed AARF (Fielding type 3) by X-ray and CT scanning, and he was treated conservatively: neck collar, Glisson neck traction, and halo vest treatment for 5 months. However, the condition did not improve, and 5 months after the onset of symptoms, we performed open reduction and O-C3 posterior fusion using a rod and wiring. Postoperatively, the patient was placed in a halo vest for 1 month and in a neck collar for 2 months. On followup, the patient had a solid fusion construct on CT scanning, however, cervical spine x-ray and CT demonstrated fusion extension from O-C3 to C4 (Fig. 3) .
Discussion
The cause of AAI in children includes congenital abnormalities, trauma, inflammation and infection. Congenital causes of AAI include the ligamentous laxity associated with Down syndrome and anomalies of the odontoid process [20] [21] [22] [23] . Surgical treatment of pediatric patients with AAI poses a challenge to spine surgeons because of the patients' immature bone quality, extensive anatomical variability, and their smaller osseous structures. In the past, a C1-C2 fusion using autogenous iliac crest and sublaminar wiring such as Brooks-Jenkins, Gallie, and Sonntag have been reported [24] [25] [26] , but this technique resulted in non-union in most cases, especially for patients with Down syndrome [1, 2] . C1-2 transarticular screw fixation (Magerl technique [3] ) and its effectiveness in pediatric patients have been described [8, 16, 17] . Similarly, some studies reported that the C1 lateral screw and C2 pedicle screw technique (Goel-Harms constructs [4, 5] ) provide stabilization and promotes fusion in pediatric patients with AAI [9] [10] [11] [12] [13] . Also, unlike wiring techniques, C1-2 transarticular screw and Goel-Harms constructs do not require that the patient be placed in a halo vest postoperatively [13] . Likewise, Leonard et al. [15] reported successful results with rigid fixation in three children in whom bilateral crossing C2 translaminar screws were placed to avoid vertebral artery injury.
Although these techniques for upper cervical surgery have been extensively reported in adult series [27] [28] [29] , there have been reports on its use in only a small series of pediatric populations. We performed the C1 lateral mass screw and C2 pedicle screw technique and C1-C2 transarticular screw technique for C1-C2 fusion in six patients and achieved successful outcomes in five of the six cases. We thought that this technique could be useful for C1-C2 fusion in children, as it has been in adults; however, in one patient (AAS associated with Down syndrome, case 6), we subsequently carried out an O-C2 fusion because of nonunion and neurologic deterioration after a C1-C2 fusion. As we described in ''Methods'' on O-C fusion in our series, four patients were treated with rod and wiring technique and one patient by O-C7 fusion with rod and sublaminar wiring/pedicle screw. Of the four patients receiving rod and wiring, two patients deteriorated further as a result of loss of reduction. Thus, the rod and wiring was weak making it difficult to obtain solid fusion.
Recently, some small case series on O-C fusions with rod and screw fixation in pediatric patients were reported [11, 15, 16] . Jea et al. [14] recently reported on a series of pediatric patients in whom they incorporated lateral mass screws and pedicle screws within occipito-cervical or atlantoaxial constructs. One patient sustained injury to the vertebral artery. Similarly, Haque et al. [11] reported on four O-C fusion cases with a C1 lateral mass screw, C2 pars screw, and laminar screw. These patients did not have any significant morbidity associated with the procedure and all achieved solid fusion.
Although screw and rod fixation techniques increased the fusion rate, complications associated with screw fixation can and did occur in pediatric patients. For example, in case 6, when the C1 lateral mass screw was inserted, a bilateral C1 posterior arch fracture occurred, and we could not prepare the appropriate graft beds and transplant a sufficient bone graft. In this case, CT scanning revealed a C1 anomaly, spina bifida, before the operation. Since the patient's AAS was reducible in the extension radiograph film, we should have performed a C1-C2 transarticular technique anticipating the possibility of posterior arch fracture with a C1 lateral mass screw insertion. In addition, in case 7, a pedicle fracture occurred with pedicle screw insertion to the C2 pedicle. To avoid these complications, we must take note of the pedicle size and any vertebral anomaly, and if we determine that screw insertion in the pedicle or lateral mass is difficult or risky, we should change the strategy.
Cervical X-ray and CT scanning demonstrated fusion extension to adjacent vertebrae in three patients. After C1-C2 or O-C fusion, neck motion is compensated by the subaxial segments. To maintain optimum range of motion in these patients, we must try to preserve more vertebrae after cervical fixation. Thus, we should expose the minimum surgical field needed so as to not damage the periosteum of adjacent vertebrae, especially in pediatric patients.
We measured the growth of cervical vertebrae after O-C fusion in three of our cases. Occipito-cervical fusion has been documented previously to lead to height loss of the fused vertebrae, particularly C2 [18, 19] . In contrast, Anderson et al. [30] demonstrated that, on average, 34% of the overall vertical growth of the cervical spine occurred within the fusion construct (occiput-C2 or C1-2). However, all cases in those studies were O-C2 or C1-2 fusion, yet they discussed C2 vertebral growth. To the authors' knowledge, there has been no study of vertebral growth after cervical fusion cases longer than O-C2. On long-term follow-up in our three cases receiving longer fusions, the C2 vertebral body height increased at a lower rate than the other vertebrae, but the other vertebrae lengthened almost equally regardless of the type of posterior fusion was performed.
On the other hand, we could not find any previous studies accounting for the growth of disc spaces after O-C fusion. In our study, we investigated the fused and nonfused intervertebral disc heights in three patients five or more years after surgery, and the disc height of the fused level was less than the non-fused levels, suggesting that the continued growth of the anterior spine would result in decreasing disc height of the fused level in the skeletally immature patient. Cervical alignment after O-C or C1-2 fusion also could be affected. Nakagawa et al. [18] found an increase in cervical lordosis after O-C fusion from 12.9 to 23.6°at 5.9 years of follow-up. Similarly, Rodgers et al. [31] found that O-C lordosis increased a mean of 1°per level fused per year until skeletal maturity after O-C2 fusion using wire. However, our three cases indicated different cervical alignment after O-C fusion at final follow-up.
This study has some limitations. First, since it was a multicenter-study, there were various causes of atlantoaxial instability, and thus, the surgical approaches used at the different institutions were not uniform. Second, because of the small number of cases, this study lacks powerful statistical analysis of the variation in growth of vertebrae and intervertebral disc heights between the fused and non-fused levels.
Conclusions
In our study, 11 children with AAI underwent posterior fusion. The complication rate related to surgery was high (64%) and varied. In three patients whom we followed five or more years after their O-C3 fusions, each vertebra had similar growth; however, the disc height of a fixed vertebral level was less than a non-fused level. Thus, parents with a child suffering from AAI needing posterior fusion should be thoroughly informed of the various complications associated with surgery, and surgical treatment of the lesions associated with AAI in children should be extensively evaluated to avoid these various complications.
